Manipulative experiments have suggested that embolism-induced hydraulic impairment underpins widespread tree mortality during extreme drought, yet in situ evidence is rare. One month after drought-induced leaf and branch dieback was observed in field populations of Eucalyptus piperita Sm. in the Blue Mountains (Australia), we measured the level of native stem embolism and characterized the extent of leaf death in co-occurring dieback and healthy (non-dieback) trees. We found that canopy dieback-affected trees showed significantly higher levels of native embolism (26%) in tertiary order branchlets than healthy trees (11%). Furthermore, there was a significant positive correlation (R 2 = 0.51) between the level of leaf death and the level of native embolism recorded in branchlets from dieback-affected trees. This retrospective study suggests that hydraulic failure was the primary mechanism of leaf and branch dieback in response to a natural drought event in the field. It also suggests that post-drought embolism refilling is minimal or absent in this species of eucalypt.
Introduction
The world's forests have experienced massive diebacks due to drought, and these events are expected to become more frequent and severe in the future (Allen et al. 2010 , Dai 2013 . Of the proposed physiological mechanisms leading to canopy dieback during drought, the 'hydraulic-failure hypothesis' suggests that drought-induced xylem cavitation and the formation of embolisms (the entry and spread of air bubbles in xylem conduits) reduces the ability of plants to transport water, and eventually results in tree mortality due to cellular desiccation (Tyree and Sperry 1988) . Findings from controlled environment experiments generally support this hypothesis on the basis that dead trees commonly show substantial xylem embolism (Adams et al. 2017) . However, evidence from field studies under natural drought conditions is rare (Davis et al. 2002 , Hoffmann et al. 2011 , Nardini et al. 2013 , Venturas et al. 2016 ).
Trees minimize the risk of catastrophic hydraulic failure during severe drought via various mechanisms. Among these, the 'hydraulic vulnerability segmentation hypothesis' states that lower carbon-investment organs such as leaves may act as 'safety valves', such that the loss of these organs during drought reduces rates of plant desiccation and minimizes the risk of hydraulic failure in more carbon-expensive stems (Zimmermann 1983, Tyree and Ewers 1991) . While our understanding of these processes, as well as the drought mortality thresholds of species (Brodribb and Cochard 2009 , Urli et al. 2013 , Li et al. 2015 , Choat et al. 2015a ) is improving, the mechanisms by which trees survive and recover from severe drought in the field are much less well known (O'Brien et al. 2017 , Skelton et al. 2017 . Given the importance of hydraulic conductance to photosynthesis and growth (Brodribb and Feild 2000) , a major uncertainty surrounding the ability of plants to recover from drought is whether drought-induced xylem embolisms can be refilled. It has been proposed that embolism refilling occurs once water stress is alleviated and plant water status is restored, and that for some plant species a cycle of xylem embolism-refilling occurs on a daily basis (Meinzer and McCulloh 2013 , Ogasa et al. 2013 , Brodersen et al. 2018 . However, the refilling hypothesis is not supported by other studies examining xylem embolism during drought and recovery cycles (Choat et al. 2015b) , suggesting that embolism refilling may not be a universal strategy, especially in trees, and that restoring post-drought hydraulic function may primarily depend on new xylem growth (Brodribb et al. 2010) .
Assessing the negative impacts of severe drought on plant function under natural conditions usually depends on our ability to identify plants that are responding in situ to extreme drought (Leuzinger et al. 2005 , Nardini et al. 2013 ). However, this task can be difficult due to the lack of certainty surrounding when and where trees are being negatively impacted by drought events. Within the Blue Mountains region, 50-100 km west of Sydney, Australia, the winter-spring of 2017 was characterized by an extended period without substantive rain (Figure 1a ). At our study site, only 46 mm of rain fell between 10 June and 16 October, well below the~50 year average rainfall of~162 mm recorded from a nearby Bureau of Meteorology weather station (Station number: 063246; http://www.bom.gov.au/climate/ data/index.shtml) for the same period (see Figure S1 available as Supplementary Data at Tree Physiology Online). The period was also characterized by higher than normal maximum temperatures, with the mean maximum of 13.3°C being 1.2°C higher than the long-term average (Figure 1b) . These winterspring drought conditions coincided with substantial branchlet and leaf dieback in several woody species, including the codominant tree Eucalyptus piperita (Sydney peppermint). Responding to this dieback event retrospectively, we conducted measurements on the level of native embolism and characterized the allometry of branches from co-occurring E. piperita trees that were either visibly affected or unaffected by leaf dieback 1 month after the drought had ended, during which time the site had received rainfall (83.6 mm, Figure 1 ). We also measured leaf and stem hydraulic vulnerability in trees that were visibly unaffected by dieback. We hypothesized that the leaf and branchlet dieback that we observed in E. piperita was caused by drought-induced hydraulic failure. As such, branchlets from dieback-affected trees were predicted to exhibit higher levels of native embolism than those from unaffected trees.
Materials and methods

Site description and plant material
The sampling site was located on an exposed north facing ridge below Mount Banks (33°35′S, 150°22′E; 1049 m above sea level (a.s.l.)) within the Blue Mountains National Park. Monthly mean maximum temperature within this region spans from 24.1°C in summer (January) to 9.5°C (July) in winter. Mean annual precipitation is 1255 mm (http://www.bom.gov.au; Station number: 063246), with more than 65% of rainfall typically occurring in summer and autumn (i.e., between December and May). Rainfall at the foot of Mount Banks was recorded hourly using a tipping-bucket rain collector (7852M, Davis, Goulburn, NSW, Australia) connected to an Arduino-based data logger. Details regarding data logger calibration and error-rate are available on Github (https://github.com/DesiQuintans/ sneesl-rain-logger). The soil at the site is mainly characterized as sandstone, with low moisture-holding capacity (http://espade. environment.nsw.gov.au/), while the vegetation is characterized as open dry sclerophyll forest dominated by two species of Eucalyptus and an understorey of woody shrubs dominated by Proteaceous species (TERN Australian Transect Network, Biodiversity and Adaptation Transect Sydney (BATS)-Vegetation and trait data (2011-15); http://aekos.org.au/collection/ adelaide.edu.au/TAB). The study species, Eucalyptus piperita Sm., has a distribution largely confined to the Sydney basin where it occurs as a component of dry sclerophyll forest across a range of elevations from near sea level to~1100 m a.s.l. in the Blue Mountains (https://www.ala.org.au/).
Plant material was collected on 8 November 2017, approximately 1 month after the drought event had been alleviated by rainfall in mid-October (see Figure 1 ), but before new growth had occurred. Four 6-8 m tall mature trees with clear signs of partial dieback, as represented by substantial leaf death and shedding on tertiary-order branches (herein referred to as branchlets), especially those positioned further from the growing tip of each secondary branch (see Figure S4 available as Supplementary Data at Tree Physiology Online), and three cooccurring healthy trees with no sign of dieback were chosen. For each individual tree, one or two second-order branches~3.5 m in length were removed from the trunk~3.5 m above ground level using a pole saw. These branch lengths were sufficient to avoid open vessels during hydraulic measurements (i.e., the maximum vessel length recorded was 73 cm). Furthermore, one leaf per tree was collected and sealed in a zip-lock bag for measurement of midday leaf water potential (Ψ mid , MPa) using a Scholander-type pressure chamber (PMS Instruments, Corvallis, OR, USA). Branches were placed in large opaque plastic humidified bags and transported back to the laboratory where they were recut under water and allowed to rehydrate overnight.
Native embolism
Native embolism (%) was determined in the basal section of smaller tertiary branchlets (diameter~3-5 mm) positioned at three to four different distances from the tip of each secondary branch (at 0.5-1.0, 1.0-1.5, 1.5-2.0 and 2.0-2.5 m; see Figure S4 available as Supplementary Data at Tree Physiology Tree Physiology Volume 38, 2018
Online). Note that the maximum distance from the tip that measurements were made in dieback-affected branches was 1.5-2.0 m, beyond which all branchlets were dead. Stem water potential (Ψ stem , MPa) of equilibrated branches was estimated using leaf water potential (Ψ leaf , -MPa) as a proxy (Choat et al. 2010) , which was measured immediately prior to stem sample preparation to ensure xylem tension was sufficiently relaxed to avoid potential cutting artefacts (Wheeler et al. 2013 , TorresRuiz et al. 2015 . The level of native embolism in each stem sample was determined by calculating the ratio of the flow rate measured prior to (K initial ) and after the removal of any embolisms (K final ), and was expressed as percentage loss of conductivity (%). Further details about sample preparation and measurement protocol are provided in the Supporting information available as Supplementary Data at Tree Physiology Online.
Vulnerability curves
Stem hydraulic vulnerability (VC stem ) was determined from three branches, each from a separate tree unaffected by dieback using the bench-top dehydration method, as described elsewhere (Nolf et al. 2015) . From these same branches, we also measured leaf hydraulic vulnerability using the timed rehydration kinetics method (Brodribb and Holbrook 2003) . The rehydration kinetics method requires leaf hydraulic capacitance (C leaf ) to be known, which can be obtained from leaf pressure-volume (PV) curves. Leaf PV was measured following Maréchaux et al. (2015) . C leaf was calculated before and after leaf turgor was lost, and then normalized by leaf mass per area and saturated water content following Brodribb and Holbrook (2003) . Detailed protocols for stem and leaf vulnerability curves, and leaf PV curves, are described in the Supporting information available as Supplementary Data at Tree Physiology Online.
Branch allometry and degree of leaf dieback
Following native embolism measurements, the basal stem diameter of each branchlet was measured using a digital calliper, and all green leaves above the cut section were collected. It was evident that shedding of dead leaves had occurred prior to field sampling; thus, any dead leaves still attached to the branchlet were ignored. Green leaves were oven-dried (70°C for 72 h) and weighed. The total green leaf area of each branchlet was estimated from leaf dry mass (LDM) and specific leaf area (SLA, m 2 kg −1
), which had been determined from 10 representative leaves collected from each secondary branch. The extent of leaf death in individual branchlets positioned along the stem of secondary branches was estimated by the ratio of remaining green leaf area (cm 2 ) to stem cross-sectional area (mm 2 ) measured at the base of each branchlet (LA green :X s ).
Statistical analysis
Vulnerability curves were fitted using a sigmoidal model and key traits (see Table S1 available as Supplementary Data at Tree Physiology Online) were statistically tested by comparing bootstrap confidence intervals (CI) using the fitplc package in R (Duursma and Choat 2017) . The difference in native embolism between healthy and dieback trees as well as the relationship between native embolism and LA green :X s were tested using a linear mixed-effect model (lme4() package in R) with different individual trees treated as a random effect. Statistical significance was considered when P ≤ 0.05. Native embolism and LA green :X s data were log 10 transformed to stabilize variance in the linear regression models.
Results
On average, the level of native embolism was significantly higher in dieback-affected trees (26.2 ± 5.1%) than in healthy trees (11.1 ± 1.9%; P = 0.04, Figure 2 ). In dieback trees, branchlets Error bars indicate standard error (dieback trees n = 4, healthy trees n = 3). Differences between dieback and healthy trees were not significant (P = 0.71). Note that the relatively high leaf water potentials suggest that drought stress had been alleviated due to the resumption of rainfall during mid-October.
Tree Physiology Online at http://www.treephys.oxfordjournals.org with higher native embolism had lower remaining green leaf area relative to stem cross-sectional area (LA green :X s , Figure 3 ), indicating higher leaf dieback in branchlets experiencing greater embolism (r 2 = 0.51, P < 0.001). Leaf specific conductivity (K L ,
) in branchlets of healthy trees was higher than those of dieback trees, but the difference was only marginally significant (P = 0.05; see Figure S2 available as Supplementary Data at Tree Physiology Online). Furthermore, branchlet LA green :X s in dieback trees increased with increasing distance from the tip of the second-order branch to which they were attached, whereas the level of leaf dieback in branchlets from healthy trees was unrelated to branchlet position (Figure 4) .
On the day of field sampling (~1 month after the drought event), midday leaf water potentials were similar between dieback (−1.55 ± 0.11 MPa) and healthy (−1.48 ± 0.09 MPa) trees (Figure 1a) . These water potentials would not have been sufficient to cause hydraulic dysfunction in either leaves or stems ( Figure 5 ), indicating that the native embolism we observed most likely formed as a consequence of the winter-spring drought event. In terms of hydraulic vulnerability, the water potential causing 50% loss of conductivity (P 50 ) was found to be −2.65 MPa (95% CI: 2.44, 2.85) in leaves and −3.25 MPa (95% CI: 2.96, 3.60) in stems ( Figure 5 ).
Discussion
Natural drought events occur stochastically. Therefore, measuring tree physiological status leading up to and during peak drought is often difficult. In this study, we took hydraulic and branch allometry measurements retrospectively in a small number of branches, 1 month after drought stress had been alleviated, yet were still able to detect strong legacy effects of the drought event. Similar to observations from previous natural droughts where xylem embolism was reported to be higher in dieback-affected trees than in healthy trees (Nardini et al. 2013) , our findings provide indirect evidence that supports the notion that leaf and branch dieback was caused by droughtinduced embolism, although we acknowledge that our findings were based on a small number of replicates, which increases the risk of observing false-positive results. Nevertheless, given that significant levels of native embolism were observed in diebackaffected branchlets 1 month after the drought had ended, these trees were apparently unable to completely refill xylem embolisms, despite restoring favourable plant water status (Delzon and Cochard 2014) . Our findings provide no evidence for rapid or substantial embolism refilling and instead suggest that the recovery of full hydraulic function in embolized branchlets is either slow or dependent on new xylem growth, as has been observed in manipulative experiments.
After a period of high rainfall in March and April (austral autumn), our study site received significantly below-average rainfall during the 5 months from June to October, which was the lowest recorded rainfall in the area over this period within the last 50 years. This exceptional dry period most likely generated severe soil water deficit at our study site, with trees growing in higher sun-exposed positions more susceptible to drought (personal observation). Higher-than-average temperatures during the same period most likely increased rates of evapotranspiration. However, daily maximum temperatures did not exceed 25°C (mean maximum was 13.3°C), so it is very unlikely that leaf death was directly linked to heat stress, although the ongoing drought would have decreased the capacity for transpirational leaf cooling (Drake et al. 2018) . Thus, we suggest that the primary mechanism of leaf and branch dieback observed in these trees is linked directly to the drought event. Furthermore, the observed canopy dieback response is supported by a recently developed eco-climatic framework that associates canopy collapse in forest trees with a 1-in-20 year water deficit event (Mitchell et al. 2016) .
In our study species, leaves were more hydraulically vulnerable than stems, which is consistent with a number of recent studies in support of hydraulic vulnerability segmentation (Pivovaroff et al. 2014 , Nolf et al. 2015 , Zhang et al. 2017 ; but see Villagra et al. 2013 , Zhu et al. 2016 ). Although we did not measure leaf water potentials in situ, at the peak of water stress during the 2017 winter-spring drought, we speculate that dieback-affected trees of E. piperita most likely reached minimum water potentials between −2 and −4 MPa, which corresponds to the levels of embolism observed across individual branchlets, in association with stem vulnerability (Figure 5 ). Also, if we assume that leaf death in woody angiosperms begins to occur at water potentials that exceed 88% loss in leaf hydraulic conductance, as shown in previous studies (Blackman et al. 2009) , it is possible that dieback-affected trees reached water potentials more negative than −4.3 MPa (i.e., the water potential at leaf P 88 ; Figure 5 ; see Table S1 available as Supplementary Data at Tree Physiology Online). The possible reasons why some co-occurring trees were apparently unaffected by dieback include small differences in hydraulic vulnerability (Salmon et al. 2015) , although this is unlikely considering the strong potential for gene flow and that significant intraspecific variation in hydraulic vulnerability has so far only been observed between populations from contrasting climates (Blackman et al. 2017 , López et al. 2016 . It is more likely that unaffected healthy trees had greater access to soil water, possibly as a function of heterogeneity in the soil depth profile.
Our finding that branchlet leaf dieback increased with distance from the growing tip of secondary branches suggests that the minimum water potential was lower in branchlets further from the growing tip; however, this is contrary to the notion that water potentials should decrease with increasing distance along the hydraulic pathway (Sack and Holbrook 2006) . Alternatively, leaf senescence and abscission of leaves in dieback-affected trees may have resulted from hormonal signalling in an effort to reduce evaporative surface area in response to increasing levels of soil water deficit during the drought (Munné-Bosch and Alegre 2004). Either way, our findings suggest that dieback-affected trees may be operating to preserve either younger or more productive leaves in the upper canopy at the expense of older or more shaded leaves. Furthermore, the lack of a strong difference Tree Physiology Online at http://www.treephys.oxfordjournals.org in leaf specific conductivity between healthy and diebackaffected branchlets suggests some degree of coordination between hydraulic supply (stem conductivity) and demand (leaf surface area) was maintained by dieback-affected trees in response to the drought, although we note that greater replication is needed to provide a stronger statistical test. Interestingly, stems tended to maintain a minimum level (~40%) of hydraulic conductivity even in branchlets that exhibited near-complete leaf death, providing further evidence that the hydraulic integrity of stems was prioritized during drought. Residual hydraulic conductivity in stems may also be important to post-drought recovery of gas exchange, as well as the resumption of new growth.
Our data, measured retrospectively, suggest that leaf and branch dieback in field populations of E. piperita following a strong winter-spring drought was linked to xylem embolism. Branchlet stem xylem did not recover hydraulic functionality, therefore these trees may suffer short-to medium-term legacy effects of the drought event, including reduced canopy transpiration and productivity (Skelton et al. 2017 ) and increased susceptibility to future drought (Hacke et al. 2001 ).
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